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INTRODUCTION
Vehicles re-entering Earth's atmosphere with orbital velocities generate flows with enthalpies in excess of 25 MJ/kg and significant thermo-chemical non-equilibrium. High fidelity thermo-chemical reaction, radiation and gassurface interaction models are required in order to accurately predict aero-thermal loads that the re-entry vehicles experience. However, the majority of currently used hypersonic chemical reaction rates and models are based on experiments conducted at relatively low flow enthalpies and with high uncertainties [1] . The accuracy of these models, when they are extrapolated to higher temperatures, is questionable. This work investigates the feasibility of validating the Total Collision Energy (TCE) and the Kuznetsov-based state specific (KSS) direct simulation Monte Carlo (DSMC) chemical models by hypervelocity light-gas gun experiments. The reader is directed to [2] for a review of other chemical reaction models, including state-to-state kinetics, that are appropriate for DSMC applications.
The Small Particle Hypervelocity Impact Range (SPHIR) [3] is one of the hypervelocity facilities in the United States. The facility uses a light gas gun that is capable of accelerating 5-6 mg, 2 mm projectiles to velocities up to 10 km/s. The chemical composition of gasses in the test chamber can be adjusted to simulate entry into Earth's or Mars' atmospheres without facing limitations of shock tubes. The feasibility of observing the free flying SPHIR projectiles with UV-VIS spectroscopy techniques has been studied in [4] . Present work identifies test conditions required for generating distinct radiative observables. This paper first summarizes the considered chemistry models, then it presents numerical approach used to identify ideal test conditions, and finally it presents the results and conclusions.
DSMC CHEMISTRY MODELS
The total collision energy (TCE) [5] and the Kuznetsov-based State Specific (KSS) models [6] are considered in this work. For both models the discrete rotational and vibrational energies are assumed, and the rotational and vibrational levels are given by the models of nonrigid rotator and anharmonic oscillator, respectively. The TCE model assumes that the probability of two colliding molecules reacting depends only on the total energy of the collision. The functional form of TCE probability of chemical reaction is chosen so that the model reproduces the Arrhenius rate equation in thermal equilibrium,
The version of the model modified for discrete internal energies is used in the present work [7] . The KSS model can be considered a generalization of the TCE model. The vibrationaly specific chemical reaction cross sections are found numerically so that the two-temperature rate constant, 0 , ,
is reproduced at conditions of Boltzmann distributions of translational, and rotational energies at temperature T, and vibrational energies at temperature T v . Here, Z(T,T v ) is a coupling factor given by the expression of Kuznetsov [8] .
In Eq. (3),
* v E equals to 0.7 of the dissociation energy and v T is the characteristic vibrational temperature. The main difference between this model and the TCE model is that it has a vibrational favoring, i.e. the vibrational energy contributes to the probability of reaction more than translational or rotational energy of the colliding molecules. This fact is illustrated in Figure 1 , where the probability of the dissociation reaction,
is presented for different vibrational states, n, as a function of total collision energy (sum of translational, rotational and vibrational energy of colliding molecules.) The vibrational energy of the second molecule is not included in the KSS model. Both of the presented models are calibrated based on experimental data and they accurately capture reaction rates in equilibrium. The reaction probability in the KSS model increases as the vibration state increases, therefore excited molecules are more likely to dissociate. The probability of dissociation for TCE model does not depend on the vibrational state. The TCE model predicts higher dissociation probability at lower collision energies while the KSS model predicts higher probability at higher collision energies. The chemical kinetic mechanism that includes 19 dissociation and exchange reactions for 5 species: N, O, N2, NO, and O2; is used in this study. Recombination and ionization reactions are not considered in this work.
The two models mentioned above are applied to dissociation reactions of molecular nitrogen and molecular oxygen
which exert the most pronounced effect on high-altitude aerothermodynamics (M stands for any component). The reaction rates for the two models are obtained from: 1. KSS model based on Shatalov's expression for one-temperature rate constant and reaction rate data of [9] . 2. TCE model modified for discrete rotational and vibrational energies based on data of [10] . The other reactions are modeled in the similar manner in all cases. The TCE model modified for discrete rotational and vibrational energies of molecules is applied for:
1. NO dissociation reactions NO+M→N+O+M (reaction rate data of [10] ) 2. Zel'dovich reactions N2+O↔NO+N and NO+O↔O2+N (reaction rate data of Bose and Candler as presented in [11] ).
NUMERICAL APPROACH
The DSMC code, SMILE [12] is used to calculate flowfields generated by a 2 mm spherical projectile traveling between 4 and 10 km through the ballistic chamber with air at pressures between 1 and 50 torr. The corresponding Knudsen numbers based on projectile diameter vary between 2×10 -2 and 4×10 -4 . The calculations use axisymmetric formulation with radial weights. The computational domain is presented in Fig. 2 . The elastic collisions are simulated with the variable soft sphere (VSS) model and the collisions with translation-rotation and translationvibration energy exchange are simulated with the Larsen-Borgnakke model. The size of the computational domain is kept constant for all free-stream conditions. The time step is chosen based on the mean collision time in the densest portions of the flow. Up to 100 million particles and 20 million cells are used in typical computation.
By using a 2nd order generalized polynomial chaos expansion (gPCE) with Legendre polynomials to generate response surfaces, the DSMC simulations with each chemistry model had to be run at just 9 collocation points with different values of pressure (6.522, 25.5, 44.5 torr) and projectile velocity (4.7, 7, 9.32 km/s). The translational temperature flowfields for different chamber pressures and for 7 km/s velocity are presented in Fig. 2a . With increase in pressure, the translational temperature in the shock layer and in the wake drastically decreases due to the effect of dissociation. As can be seen in the plot of response surface in Fig. 2b , this effect is more significant at higher free stream velocities. a) Flowfield translational temperature with TCE b) Translational temperature response surface in the wake, 5mm (2.5 diameters) downstream from the stagnation point The two dimensional gPCE [13, 14] is provided in Eq. (6), ,
where x and y are spatial variables, var is the dependent flowfield variable being studied, a i,j are gPCE coefficients, ψ i are Legendre polynomials of order i, and N is the order of the expansion. Because the Legendre polynomials are orthogonal, the gPCE coefficients can be obtained by multiplying Eq. (6) by another set of Legendre polynomials, taking expectation of both sides and re-arranging, as is shown in Eq. (7). , ,var) ( , , , ,var) ( ) ( ) ( ) ( ) 
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In Eq. (7), Y is the value of the output variable, var, obtained from a calculation at pressure collocation point P l , and velocity collocation point V k , and w are Gaussian weights of Gaussian quadrature of order I. Once the gPCE coefficients are calculated, Eq. (6) can be used for all further integrations.
The response surfaces predict flow parameters based on launch conditions. In order to validate the chemistry models the projectile should be launched at conditions that would lead to greatest deviation between model predictions. These conditions are identified by fitting a normal probability distribution function to each response surface point, Eq. (8), and locating regions with minimum intersection, I, as is shown in Eq. (9) . In Eq. (8), y(M x ) is the prediction of property y from model M x and σ exp is the expected standard deviation in experimental data.
. (8) (9) .
RESULTS AND DISCUSSION
A comparison of the flowfields of translational temperature obtained with the TCE and KSS models at the small pressure and high velocity collocation points is presented in Fig. 3a , while a comparison between N mole fractions at low pressure and intermediate velocity is presented in Fig 3b. The KSS model predicts higher temperature (about 1000 K higher) in the whole flowfield. There is also a small difference in bow shock stand-off distance (it is higher for the KSS model). The source of this difference is that the TCE model predicts a higher number of the dissociation reactions, which can be seen in Fig 3b, where the mole fractions of atomic nitrogen is about 50 % higher for TCE model. Translational temperature and N more fractions along the axis of symmetry are presented in Fig 3c and The generalized polynomial chaos expansion is generated in all computational cells in the DSMC domain. The expansion is then used to compute model intersections based on Eq. 9. These intersections are summed for all cells and plotted in Fig. 5 for translational temperature, N, O and NO mole fractions. The lowest translational temperature intersection is found at the highest freestream velocity and lowest pressure because these conditions lead to highest collision energies and lowest equilibration rate. The lowest O an NO intersections are found at lowest velocities because both models predict almost complete O 2 and NO dissociations at higher velocities. On the other hand, since it takes more energy to dissociate N 2 , lowest N intersection between the two models is found at the velocity of 8.7 km/s.
The flight conditions leading to minimum intersections of other parameters are summarized in table 1. The minimum N 2 intersection is found at conditions similar to minimum N intersection while the minimum O 2 intersection is found at a condition similar to minimum O intersection. Table 1 
CONCLUSIONS
This work is aimed at identifying test conditions that would be most suitable for validating air chemistry models. In particular, this work focuses on the Total Collision Energy (TCE) and Kuznetsov-based state specific (KSS) model predictions in the wake behind a 2 mm sphere traveling through air at velocities between 4 and 10 km/s. These test conditions could then be used to validate the two models at a hypervelocity ballistic range. The KSS model, unlike TCE, has a significant vibrational favoring and hence in the conditions of low vibrational temperature behind the shock front, it predicts fewer dissociation reactions. As the result, the KSS model predicts higher temperatures and smaller mole fractions of atomic species in the whole flowfield. The largest difference in vibrational temperatures is observed at the highest velocity and pressure. In order to observe highest differences in translational and rotational temperature, the projectile should be lunched at the lowest pressure and highest velocity. Maximum differences in NO, O 2 and O are observed at 4 km/s because higher velocities lead to almost complete dissociations. On the other hand maximum differences in N and N 2 appear at lowest pressure and at approximately 8 km/s velocity.
